Non-random association of alleles in the nucleus and cytoplasmic organelles, or cyto-nuclear linkage disequilibrium (LD), is both an important component of a number of evolutionary processes and a statistical indicator of others. The evolutionary significance of cyto-nuclear LD will depend on both its magnitude and how stable those associations are through time. Here, we use a longitudinal population genetic data set to explore the magnitude and temporal dynamics of cyto-nuclear disequilibria through time. We genotyped 135 and 170 individuals from 16 and 17 patches of the plant species Silene latifolia in Southwestern VA, sampled in 1993 and 2008, respectively. Individuals were genotyped at 14 highly polymorphic microsatellite markers and a single-nucleotide polymorphism (SNP) in the mitochondrial gene, atp1. Normalized LD (D 0 ) between nuclear and cytoplasmic loci varied considerably depending on which nuclear locus was considered (ranging from 0.005-0.632). Four of the 14 cyto-nuclear associations showed a statistically significant shift over approximately seven generations. However, the overall magnitude of this disequilibrium was largely stable over time. The observed origin and stability of cyto-nuclear LD is most likely caused by the slow admixture between anciently diverged lineages within the species' newly invaded range, and the local spatial structure and metapopulation dynamics that are known to structure genetic variation in this system. Heredity Keywords: cyto-nuclear; linkage disequilibrium; metapopulations; spatiotemporal; Silene Keywords: cyto-nuclear; linkage disequilibrium; metapopulations; spatiotemporal; Silene INTRODUCTION Population genetic studies generally focus on either the nuclear or the cytoplasmic (mitochondria or chloroplast) genome. Additional insights can be gained by measuring joint allelic associations at loci derived from nuclear and cytoplasmic genomes, or cyto-nuclear linkage disequilibrium (LD). Analyses of cyto-nuclear LD can document evolutionary and demographic trends in population genetics. Processes like structure (Nei and Li, 1973) , gene flow (Asmussen and Schnabel, 1991) and non-random mating/inbreeding (Asmussen et al., 1989; Slatkin, 2008) all influence cyto-nuclear LD. Selection-based treatments of cyto-nuclear LD focus on the importance of epistatic interactions between the nuclear and cytoplasmic genomes (Wade and Goodnight, 2006; Brandvain and Wade, 2009 ). Theoretical investigations of genetic drift predict an influence of population size on the variance of LD measurements (Datta et al., 1996) . Additionally, demographic processes have been shown to greatly facilitate non-random associations between the nucleus and a cytoplasmic genome. For example, cyto-nuclear LD (or lack thereof) is an informative metric when considering admixture of two populations of the same species (Arnold, 2006) . Thus, cytonuclear LD will be driven by the interaction of spatiotemporal selective and demographic parameters specific to a system of study, or by non-equilibrium population dynamics associated with the metapopulation structure of many natural systems.
INTRODUCTION
Population genetic studies generally focus on either the nuclear or the cytoplasmic (mitochondria or chloroplast) genome. Additional insights can be gained by measuring joint allelic associations at loci derived from nuclear and cytoplasmic genomes, or cyto-nuclear linkage disequilibrium (LD). Analyses of cyto-nuclear LD can document evolutionary and demographic trends in population genetics. Processes like structure (Nei and Li, 1973) , gene flow (Asmussen and Schnabel, 1991) and non-random mating/inbreeding (Asmussen et al., 1989; Slatkin, 2008) all influence cyto-nuclear LD. Selection-based treatments of cyto-nuclear LD focus on the importance of epistatic interactions between the nuclear and cytoplasmic genomes (Wade and Goodnight, 2006; Brandvain and Wade, 2009) . Theoretical investigations of genetic drift predict an influence of population size on the variance of LD measurements (Datta et al., 1996) . Additionally, demographic processes have been shown to greatly facilitate non-random associations between the nucleus and a cytoplasmic genome. For example, cyto-nuclear LD (or lack thereof) is an informative metric when considering admixture of two populations of the same species (Arnold, 2006) . Thus, cytonuclear LD will be driven by the interaction of spatiotemporal selective and demographic parameters specific to a system of study, or by non-equilibrium population dynamics associated with the metapopulation structure of many natural systems.
While the aforementioned investigations provide substantial information concerning the patterns resulting from cyto-nuclear disequilibrium, few incorporate a temporal component. A pioneering study in Drosophila montana used allozyme polymorphisms to track changes in nuclear LD over a 5-year time period (Baker, 1975) . The author concluded that maintenance of LD was consistent with epistatic selection maintaining favorable gene-gene interactions (Baker, 1975) . Conversely, in Drosophila melanogaster it was found that there was an absence of LD among allozyme loci when samples were taken at two time points within the same year (Langley et al., 1977) . More recent studies in Caenorhabditis elegans have suggested that the maintenance of significant LD among nuclear-based microsatellite markers over short timescales could be generated by genetic drift in small populations or selection against hybrid progeny (outbreeding depression) (Barrière and Félix, 2007) .
While the previously described animal-oriented studies focused on LD among nuclear markers (allozymes and microsattelites), the development of markers in cytoplasmic genomes has allowed for an in-depth analysis of cyto-nuclear LD. Thus, tracking levels of cytonuclear LD on a microevolutionary timescale allow for an analysis of the tempo of the change in multi-locus interactions between the nuclear and organellar genomes. Of particular interest is determining whether or not a cyto-nuclear interaction is deteriorating, or strengthening over time. Deterioration of LD can be achieved with sexual recombination although it should be noted that population structure (bi-parental inbreeding) can slow down the rate of deterioration due to outcrossing (Brandvain and Wade, 2009 ). Strengthening of LD can be the result of selection for a particular set of alleles (epistasis), demographic expansion where population sizes grow rapidly or due to a genetic bottleneck where only a small number of allelic associations remain after a stochastic event and thus particular multi-locus genotypes rise in number despite an absence of selection. It is essential that demographic and selective forces be separated when trying to infer the evolutionary dynamics of a particular system (Stinchcombe and Hoekstra, 2007) . As demographic processes generally act on the whole genome, locus-specific patterns of maintenance or strengthening of LD are suggestive of selection for a particular cyto-nuclear combination of alleles.
Silene latifolia is a dioecious, insect-pollinated plant that has been the subject of a considerable number of studies that focus on local population genetic structure and the effects of metapopulation dynamics on that structure (McCauley, 1994; McCauley et al., 1995 McCauley et al., , 1996 Bernasconi et al., 2009) . Many of these studies were conducted 415 years ago, before the introduction of most of the DNA-based genetic markers used in studies of population structure today. However, they did utilize PCR-based chloroplast DNA (cpDNA) markers for comparison with allozyme nuclear markers (the workhorse of empirical population genetics at that time). McCauley (1994) observed a contrast between the moderate local population structure of the nuclear gene markers (F ST B0.20) and a much greater degree of structure of the chloroplast markers (F ST B0.60). He attributed this to differences in the mode of dispersal of the two genomes (seed þ pollen movement in the bi-parentally inherited nuclear genome versus seed movement in the maternally inherited chloroplast genome) (McCauley, 1994) . Further, founding events associated with the repeated establishment of new populations enhanced the magnitude of structure for both genomes . These metapopulation dynamics have since been shown to be important determinants of population genetic structure in several other systems (Giles and Goudet, 1997) .
The earlier studies of S. latifolia did not focus on cyto-nuclear LD, but the DNA extractions were archived and can now be used to generate nuclear and cyto-nuclear genotypes using the more powerful DNAbased genotyping techniques that are currently available. A comparison of cyto-nuclear associations between archived samples and current S. latifolia collections allow us to examine the temporal dynamics of cytonuclear LD in a natural metapopulation. Standard questions about the magnitude of cyto-nuclear LD, and locus-to-locus variation in LD, can be extended to include their temporal dynamics. Here, we report on the association between variants found in a cytoplasmic (mitochondrial) SNP marker and variants found in 14 nuclear genes in samples of natural populations of S. latifolia taken in 1993 and again in 2008, including observations of locus-to-locus heterogeneity of cyto-nuclear LD and the temporal stability of those associations.
We also include a full population genetic analysis of our nuclear markers. By doing so, we allow for a larger comparison to many other published studies of nuclear-nuclear LD, suggesting that the presence and stability of cyto-nuclear LD may be far more common than has previously been suggested.
MATERIALS AND METHODS
Collections of S. latifolia were first made from 16 patches of plants (with a mean, or N, per site of 8.5, and a range of 1-29 individuals per patch) found along the roadsides of Giles County, VA, in summer 1993. All patches were located o20 km from one another. These samples represent a subset of the individuals included in earlier studies of local population structure (McCauley, 1994; McCauley et al., 1995) . For those studies leaf tissue was used both to generate nuclear allozyme genotypes and cpDNA RFLPs. Genomic DNA used for cpDNA genotyping was extracted using standard methods. This DNA was then stored at À80C until it was genotyped recently for the mtDNA and microsatellite markers used in the current study.
The same population networks were sampled (17 in total, and N ¼ 10 per patch) in the summer of 2008. S. latifolia has been described as a short-lived perennial (Bernasconi et al., 2009) and it has been our experience from field experiments that the average lifespan of S. latifolia is B2 years with the age at first reproduction being considerably less. Thus, we estimate that a minimum of seven generations separates the collections, and are confident that no individual plants were sampled twice. It should be noted that while the two collections were made from the same stretch of the metapopulation, they were not necessarily made from exactly the same places. In fact, because this weedy plant is known to undergo fine-scale episodes of extinction and colonization For the 2008 collections, DNA was extracted from leaf tissue using the method described by Keller et al. (2012) . All individuals from both collections were assayed for a SNP known to occur in the mitochondrial gene atp1 by a PCR/RFLP method (McCauley and Ellis, 2008) . We prefer this mitochondrial SNP as our cytoplasmic marker, rather than the cpDNA cytoplasmic markers used in earlier studies (for example, McCauley, 1994) , because the cpDNA markers consisted of indel polymorphisms that could be more subject to homoplasy. The SNP in question determines the presence or absence of an AluI restriction enzyme cut site. Genomic DNA was subject to a PCR that utilized the atp1 primers and cycle conditions used by McCauley and Ellis (2008) . The resulting PCR product (10 ml) was digested with AluI using the manufacturers recommended conditions (NEB). The resulting fragments were electrophoresed on a 4% Metaphor agarose gel (Lonza Inc, Rockland, ME, USA), which was then stained with ethidium bromide for visualization.
Genomic DNA from the same individuals was used to generate multi-locus genotypes at 14 unlinked microsatellite loci. Microsatellites were derived from multiple sources (Moccia et al., 2009; Abdoullaye et al., 2010) . PCR amplification was conducted using published methods for each marker. PCR products were amplified with the forward primer end-labeled with a fluorescent dye, either 5(or 6)-FAM, NED, TAMRA, JOE or VIC. Three to four PCR products of different loci were then pooled together and added to a loading buffer containing formamide and GENESCAN 400HD ROX size standard (Applied Biosystems). Following 5 minutes of denaturing at 95 1C, fluorescently labeled fragments were separated on an Applied Biosystems 3130 sequencer and analyzed with GENEMAPPER v3.0 software (Applied Biosystems, Grand Island, NY, USA). Alleles were binned using the software TANDEM (Matschiner and Salzburger, 2009) . We calculated the observed (H O ) and expected (H E ) heterozygosity of our nuclear genetic markers using the software GenoDive version 2.0b21 (Meirmans and Van Tienderen, 2004) . Estimates of genetic substructure using hierarchical F-statistics were calculated using the software FSTAT 2.9.3.2 (Goudet, 2002) , with significant deviations from panmixia assessed by testing for Hardy-Weinberg Equilibrium with 10 000 permutations and a ¼ 0.05.
To estimate patterns of nuclear-nuclear LD (hereafter, nuclear LD) among microsatellite loci, we applied Hedrick's (1987) multi-allelic extension of Lewontin's (1964) 
normalized D
0 . This measure of LD is preferable over others as it is widely used, and given its normalization, can be compared with other studies (Slate and Pemberton, 2007; Li and Merila, 2010) . D 0 ranges from zero (no allelic associations between loci) to one (complete allelic associations at two loci), though estimation of the statistic may be sensitive to allele frequencies and sample sizes (Slate and Pemberton, 2007; Li and Merila, 2010 ; but see Zapata, 2011) . D 0 between two multi-allelic markers was calculated following Li and Merila (2010) equations (1) and (3), using Multiallelic interallelic disequilibrium analysis software (MIDAS) (Gaunt et al., 2006) .
Statistical significance of nuclear LD between pairs of loci for a given sampling date was estimated, under the null hypothesis of random allelic assortment, using a Monte-Carlo approximation of Fisher's exact test implemented in the software Arlequin (Excoffier and Lischer, 2010) . Arlequin uses a Markov chain extension of Fisher's exact test for RxC contingency tables (Slatkin, 1994; Li and Merila, 2010) . 100 000 alternative tables were explored by the Markov chain (Slate and Pemberton, 2007; Li and Merila, 2010) .
Cyto-nuclear LD was estimated between each nuclear microsatellite locus and the atp1 mtDNA locus. Analysis followed the approach of Basten and Asmussen (1997) , using the program CNDm to estimate a standardized Patterns of cyto-nuclear linkage disequilibrium in Silene latifolia PD Fields et al estimate an allelic D 0 between each nuclear locus and atp1 mtDNA locus. CNDm uses a Monte-Carlo approach to approximate Fisher's exact test for RxC contingency tables and tests for significant deviations from the null hypothesis of no allelic association (Basten and Asmussen, 1997) . For this analysis, all nuclear loci were treated as bi-allelic by pooling all alleles other than the most common allele in 1993 into a single composite allele (Latta et al., 2001 ). This approach is preferable for the present analysis, as it provides a single value for each locus-locus pair, while also generating the most intermediate allele frequencies, thereby maximizing the bounds on D 0 . Additionally, given finite sample sizes, and the propensity of microsatellite mutation rates to generate a large class of rare, private alleles, which will rarely be in linkage equilibrium, our binning procedure preserves statistical robustness.
Cyto-nuclear LD was calculated separately for the 1993 and 2008 collection. We also calculated cyto-nuclear LD of a pooled sample of both years, which allows one to detect long-term patterns of cyto-nuclear LD and its consequences. For example, year-to-year consistency of individual D 0 values will reinforce one another, generating increased significance of cyto-nuclear LD. Conversely, when D 0 reverses between years, the overall significance of cytonuclear LD would be canceled out in a single pooled value. Year-to-year stability of D 0 values was evaluated statistically by two methods. Temporal consistency in the relative rankings of locus-specific D 0 values was evaluated by estimating the between-year correlation of the 14 pairs of locus-specific D 0 values. Recall that each locus-specific D 0 was based on observations of four possible cyto-nuclear genotype combinations (two mitochondrial variants combined with the common or binned minor nuclear alleles). This yields a 2 Â 2 table of D 0 values in which each of the four entries has the same absolute value (two positive and two negative). The CNDm program summarizes this by reporting an absolute D 0 value for each year, and pooled across years (Table 2) . These absolute values are not suitable, however, for testing the consistency of year-to-year associations, as such comparisons would not be sensitive to changes in the sign of an allele-specific value of D 0 between years. Thus, when calculating the correlation mentioned above we consider for each locus the sign of the D 0 value specific to the association of the most common nuclear allele with the most common mitochondrial allele in 1993 and that same combination in 2008.
Year-to-year heterogeneity was also tested for statistical significance on a nuclear locus-specific basis by noting that D 0 is mathematically similar to a product-moment correlation coefficient in that both consist of a covariance standardized to range from À1 to 1. We used the Z-transformation approach suggested by Sokal and Rohlf (2012) (Sokal and Rohlf, 2012) .
The significance of multiple comparisons of cyto-nuclear LD among markers within years, and across years, was assessed using a BenjaminiHochberg correction for false discovery (Benjamini and Hochberg, 1995) . This approach has been suggested as a powerful analog Bonferroni correction, and has recently been used for nuclear-nuclear LD comparisons (Andras and Ebert, 2013) . M ¼ repeat size of the marker; N ¼ number of observed alleles; P ¼ allele frequency of the most frequent allele. H O and H E are observed and expected heterozygosity, respectively, of each sampled microsatellite locus; F IT is the correlation of alleles within individuals relative to the metapopulation as a whole, and can be interpreted as an approximate measure of deviation from panmixia. Statistical deviations from panmixia are indicated by the symbols *Po0.05, **Po0.01 and ***Po0.001) and LD is an indication of the number of other nuclear loci for which each focal nuclear locus exhibits a non-random association, based upon an approximation of Fisher's exact test of random association and a Pp0.05.
RESULTS

Cyto
values vary by more than an order of magnitude, ranging from 0.019 for locus slat72 to 0.487 for locus slat33. The relative rankings of locus-specific D 0 values were consistent between years (see Figure 1) , yielding a between-year Spearman Rank Correlation value (Sokal and Rohlf, 2012) of r s ¼ 0.653 (P ¼ 0.01). This view of sample-tosample temporal consistency is reinforced by the fact that only 5 of 14 locus-specific year-to-year heterogeneity tests were significant (Table 2) . Given the year-to-year consistency in the locus-specific D 0 values, it seems warranted to test whether the wide range of such values noted above does, in fact, represent statistically significant among-locus heterogeneity. Application of the method of Sokal and Rohlf (2012) to the 14 pooled absolute D 0 values indicates statistically significant heterogeneity in locus-specific values (w 2 ¼ 78.59, df ¼ 13, Po0.001).
DISCUSSION
The results demonstrate that cyto-nuclear associations can be highly variable depending on which nuclear locus is considered, and can average B25% of the theoretical maximum as defined by allele frequencies. Furthermore, this locus-specific pattern persists across independent samples separated by more than seven generations. This raises three questions. (1) What is the reason certain loci are associated with different cytoplasmic backgrounds while others are not? (2) Why is this heterogeneity in locus-specific cyto-nuclear LD temporally stable? (3) What are the evolutionary consequences of these cyto-nuclear disequilibria?
Given that the nuclear and cytoplasmic genomes are not physically linked, in purely outcrossing species like S. latifolia, the accumulation of LD must be due either to epistatic selection or neutral demographic processes associated with the history of population structure (for example, founder effects). These founder effects could include ongoing local events that occur regularly in metapopulations (McCauley, 1994; McCauley et al., 1996; McCauley, 1997; Keller et al., 2012) , or historical processes including the species post-glacial history of range expansion (Taylor and Keller, 2007) .
S. latifolia has a history of post-glacial expansion in the species native range that would favor the persistence of allelic associations. S. latifolia was introduced to North America relatively recently, ca. 200 years ago (Taylor and Keller, 2007) . Following multiple, likely separate, introductions to both the Eastern and Western coasts of North America, the introduced range of S. latifolia expanded rapidly (Taylor and Keller, 2007; Keller et al., 2009) . Studies have concluded that during the invasion process, S. latifolia has maintained genetic diversity, though the distribution of genetic variation at various hierarchical levels has become reorganized (Keller et al., 2012) . Particularly striking is the decrease in among-regional scale allelic differentiation (F RT ) in North America, as compared wih the species' native range. However, at the scale of local populations, the level of genetic structure (F PT ) is much more comparable between ranges (F PT,Nuclear-EU ¼ 0.147, F PT,Nuclear-NA ¼ 0.131; F PT,cpDNA-EU ¼ 0.498, F PT,cpDNA-NA ¼ 0.382). This scenario presents the hypothesis that ancestral population structure in the native range, and the LD that would result, is incompletely dissolved by the incomplete admixture occurring in the introduced range. Accordingly, the observed cytonuclear associations seen in the species' native range remain significant, with some evidence of a significant shift in cyto-nuclear associations, suggesting the action of admixture process to mix nuclear and organelle constituents (Keller et al., 2012) . This admixture, however, is not a uniform process, and the fact remains that many ancestral allelic associations may persist. Given the results of Keller et al. (2012) , the shifting cyto-nuclear associations detected here could be a local reflection of the admixture among European lineages following relatively recent establishment in North America. Though the focal organellar genome differed between the prior studies and our study (cpDNA versus mtDNA), the high likelihood that each is inherited maternally should make their histories congruent, or nearly so. The present study focuses on nuclear-and cyto-nuclear LD at a finer spatial scale than in previous studies of S. latifolia. As the microsatellite loci and organelle locus utilized in the present study are assumed to be unlinked and neutral with respect to fitness, the observed measures of F IT (Table 1) , nuclear-nuclear LD (Table 1;  Supplementary Tables 1 and 2 ) and cyto-nuclear LD likely reflect random sampling processes, such as that arise within spatio-temporally distributed metapopulations (Hanski and Gaggiotti, 2004) . Further analyses of the sort described will likely corroborate the observed patterns, given observed levels of population subdivision (Edelaar et al., 2011) , though further research will be required to pinpoint the effect of individual spatio-temporal characters in determining the magnitude of cyto-nuclear LD (see below). The finding that the overall level of cyto-nuclear LD has persisted over more than seven generations, even as some of the underlying allelic associations have shifted, could result from local population structure. Under panmixis and selective neutrality, one would expect cyto-nuclear LD to decay by B50% each generation. Any deviation from panmixis will slow this process, as non-random mating would limit the opportunity for cyto-nuclear genotypic mixing. The collection of individuals contributing to this data set showed a marked deviation from panmixia as evidenced by a F IT value of 0.35. This is not surprising, given that prior studies of S. latifolia ( ¼ S. alba) in this region of Virginia detected significant population structure as well (F ST ¼ 0.20) when local patches were used to define populations (McCauley, 1994; McCauley et al., 1995) . Further studies revealed additional structuring within those patches (McCauley et al., 1996; McCauley, 1997) . As the present data set does not account for the fine-scale arrangement of individuals within patches (the sample size per patch is too small for meaningful estimates of very local population structure), our high value of F IT probably reflects within and among-patch divergence. Given that S. latifolia is dioecious and hence an obligate outcrosser, spatial structuring rather than selffertilization must be responsible for these patterns. In contrast to the moderate level of nuclear F ST found in previous studies, values of F ST based on cpDNA markers were very highapproximately 0.65 when defined at the patch level (McCauley, 1995) . Spatial sub-structuring of cpDNA was also found within populations (McCauley et al., 1996) . Thus, the movement of maternally inherited cytoplasmic genes (in seeds only) must be considerably more restricted than the movement of nuclear genes (in seeds and pollen) (McCauley, 1997 ).
An additional feature of S. latifolia populations is that local demes in this region of Virginia undergo frequent turnover and that these metapopulation dynamics influence population genetic structure . This could affect the persistence of cytonuclear LD depending on the degree of mixing that accompanies local colonization events. Slatkin (1977) modeled two modes of colonization-the 'propagule pool' mode in which all k individuals contributing to a given colonization event are drawn from the same source, and the 'migrant pool' mode in which a group of k colonists are drawn from a genetically representative sample of sources. Whitlock and McCauley (1990) define f as the probability that two alleles in a newly formed population were drawn from the same source population (f ¼ 1 for propagule pool colonization). While these models were developed to consider the effect of colonization on F ST (for a given number of colonists, k, F ST tends to increase as f increases), the same logic will apply to allelic associations.
Colonization events in which f approaches zero (migrant pool) would provide genetic mixing that would enhance the decay of allelic associations, whereas ancestral disequilibria are expected to persist under a propagule pool model. McCauley et al. (1995) showed that local population structure was a consequence of these founding events. Moreover, they estimated that f was on the order of 0.80, meaning that colonization events in this S. latifolia metapopulation provide relatively little opportunity for the breakup of allelic associations. Taken together, the local spatial structuring of the nuclear and cytoplasmic genomes could clearly slow the rate of decay of nuclear and cyto-nuclear LD relative to an expectation based on panmixis. Finally, it is important to point out that Slatkin's migrant pools and propagule pools are themselves oversimplifications of any natural situation. For example, even if the sources of founders are diverse so that old associations may dissolve after admixture, if the number of founders are few then new associations may form. This dynamic would generate the type of result that we observed, where the specific associations are shifting, but statistical associations of some form persist.
As an example of this latter process, we present a simple model. Within this model, we assume two bi-allelic loci. Let A and B be the alleles at the first locus, 1 and 2 be the alleles at the second locus. Now consider four differentiated source populations, fixed for genotypes A1, A2, B1 and B2, respectively. Each contributes 20, 60, 60 and 10 colonists, respectively, to a newly colonized study site. Under this scenario, A and 1 would be the most common alleles in this newly mixed population, yet a negative LD for the A1 genotype would be detected. Importantly, under this entirely neutral drift-like process, significant negative or positive LD values will be generated.
A persistent association among nuclear and organellar loci could be important for understanding many evolutionary processes. Persistent cyto-nuclear associations would result from strong cyto-nuclear epistasis for fitness. A well-known example of this is the interaction between mitochondrial cytoplasmic male sterility and nuclear restorer sex-determining loci seen in many cases of gynodioecy (McCauley and Bailey, 2009 ). The accumulation of positive epistatic interactions among nuclear and cytoplasmic genomes could be responsible for cyto-nuclear incompatibilities when those interactions are disrupted in crosses among lineages (Moyle et al., 2004) . This could have implications in the process of speciation (Sambatti et al., 2008) . Persistent cyto-nuclear associations have implications for the co-evolution of the two genomes, which could favor the transfer of genes from the mitochondrial to nuclear genome (Brandvain and Wade, 2009 ).
Theoretical models developed to predict when selection can effectively act on allelic associations among interacting genomes have focused on the term y, the joint probability that a pair of genes on each respective genome is identical-by-descent (Wade and Goodnight, 2006) . As the magnitude of y increases, the degree to which cytonuclear gene combinations are inherited together in transmission from parents to offspring also increases (Wade and Goodnight, 2006) . Many models have explored how hybridization and patterns of nonrandom mating lead to different patterns of y and the resulting cytonuclear disequilibria (Basten and Asmussen, 1997) . Additionally, population structure and the resulting increase in bi-parental inbreeding will enhance y, resulting in increased cyto-nuclear disequilibria, and hence the potential for selection on cyto-nuclear interactions (Brandvain and Wade, 2009) .
The results presented here suggest that the magnitude of cyto-nuclear LD necessary for selection to act on cyto-nuclear interactions may be found in these S. latifolia populations, at least for some nuclear/organellar combinations. These associations likely accumulated from the combined influence of invasion history and current metapopulation structure. Importantly, some of our data suggest that allelic associations could be transient, reduced by admixture and regenerated by founder effect. If that were a general result, then an instantaneous estimate of cyto-nuclear LD may over estimate the potential for longer-term co-evolutionary interactions among organellar genomes.
Few empirical studies have quantified the magnitude of intraspecies cyto-nuclear LD (Latta et al., 2001) , and none have quantified how the magnitude and among-marker variance in cyto-nuclear associations have changed over time. Estimating the magnitude and variance in allelic associations over time, and identifying the processes (both neutral and selective) that generate these associations would contribute to our understanding of the causes and consequences of co-evolution among eukaryotic organelles.
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